Vibrio cholerae, the causative agent of the severe diarrheal disease cholera, secretes several "accessory" toxins, including RTX toxin, which causes the cross-linking of the actin cytoskeleton. RTX toxin is exported to the extracellular milieu by an atypical type I secretion system (T1SS), and we previously noted that RTXassociated activity is detectable only in supernatant fluids from log phase cultures. Here, we investigate the mechanisms for regulating RTX toxin activity in supernatant fluids. We find that exported proteases are capable of destroying RTX activity and may therefore play a role in the growth phase regulation of toxin activity. We determined that the absence of RTX toxin in stationary-phase culture supernatant fluids is also due to a lack of toxin secretion and not attributable to solely proteolytic degradation. We ascertained that the T1SS apparatus is regulated at the transcriptional level by growth phase control that is independent of quorum sensing, unlike other virulence factors of V. cholerae. Additionally, in stationary-phase cultures, all RTX toxin activity is associated with bacterial membranes or outer membrane vesicles.
Oral ingestion of Vibrio cholerae by human hosts via contaminated food and water can result in cholera, a severe diarrheal disease that can quickly cause death if left untreated (34) . The secreted ADP-ribosylating cholera toxin (CT) causes the profuse diarrhea that is a hallmark of cholera disease and is one of the main virulence factors produced by the bacterium. V. cholerae also expresses the toxin-coregulated pilus (TCP), which is essential for sustained colonization of the human small intestine. In addition, hemagglutinin/protease (HAP), hemolysin, and RTX toxin have been identified as secreted "accessory" toxins that also contribute to disease pathogenesis (11) .
RTX toxin is a very large toxin with a deduced molecular mass of 484 kDa and causes cell rounding and the depolymerization of the actin cytoskeleton in a broad range of cell types. Concurrent with actin stress fiber disassembly, actin monomers are covalently cross-linked into dimers, trimers, and higher multimers which can be visualized by Western blotting (13, 25) . rtxA, the 13,635-bp gene encoding the RTX toxin, is the largest open reading frame of the V. cholerae genome (17, 25) . rtxA is found in both clinical and environmental isolates of V. cholerae, but not in O1 classical biotypes (7, 10, 25) .
V. cholerae RTX toxin is a member of the RTX (repeat-intoxin) family of toxins (25) that includes Escherichia coli hemolysin (HlyA) and Bordetella pertussis adenylate cyclase-hemolysin toxin. All RTX exoproteins are exported out of the cell by type I secretion systems (T1SS) (41) . These secretion systems commonly consist of three components: an inner membrane transport ATPase, a transmembrane linker protein, and an outer membrane porin, exemplified by the E. coli hemolysin T1SS consisting of HlyB, HlyD, and TolC, respectively (1, 19) . V. cholerae RTX toxin is secreted by an atypical T1SS that is composed of four components: RtxB, RtxD, TolC, and a second ATPase RtxE (5) .
With the exception of tolC, the genes necessary for RTX toxin production and secretion are found in the rtx locus, which is tightly linked to the CTX⌽ integration site (25) . The six genes of the locus are organized in two divergently transcribed operons (Fig. 1A) . The rtxA operon consists of the RTX toxin gene rtxA downstream of the putative RTX activating acyltransferase gene rtxC and a conserved hypothetical gene VC1449. The rtxBDE operon encodes three components of the T1SS. The organization depicted in Fig. 1A is conserved among a subset of very large RTX exoproteins (5) but differs from the single-operon organization of the E. coli hly locus.
V. cholerae regulates the two main virulence factors TCP and CT as well as HAP via quorum sensing, a system that allows bacteria to communicate and coordinate gene expression in a cell density-dependent manner via extracellular chemical signaling molecules (31, 44) . CT and TCP are both expressed at low cell densities and repressed at high cell densities, while HAP and the PrtV protease are repressed at low cell densities and upregulated during stationary phase (43) .
Previous studies have identified that RTX activity is detectable only in supernatant fluids from log phase cultures (5, 13) . In this work, we have determined that multiple mechanisms coordinately contribute to growth phase regulation. This study focuses on proteases, which inactivate secreted RTX toxin as well as initial studies of growth phase regulation of the atypical T1SS encoded by rtxBDE. The regulation of rtxBDE is found to be at the transcription level by a mechanism that is independent of the three identified quorumsensing systems of V. cholerae.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study and relevant genotypes are listed in Tables 1 and 2 . V. cholerae was grown at 30°C in Luria broth (LB) supplemented with streptomycin (100 g/ml) and kanamycin (50 g/ml) as necessary.
Generation of mutations in V. cholerae strains. The N16961⌬luxO mutant was constructed by the method of Skorupski and Taylor (37) . BMV5 (Bah1 ⌬toxS) was made by sucrose-dependent homologous recombination with the sucrosecounterselectable plasmid pBM8, which contains a 341-bp deletion within toxS created by restriction enzyme digestion of internal SalI and XhoI sites. All ⌬hapA mutations were constructed with the counterselectable pCVD⌬HapSal1 as previously described (12) . Counterselectable plasmids were introduced into V. cholerae by conjugation with SM10pir on an LB agar plate. Cointegrants were subjected to sucrose-dependent counterselection as previously described (12) , and isolated colonies were screened for the presence of a gene deletion by direct colony PCR across the deletion junction and by loss of protease activity on 1% milk agar plates.
Recombinant methods and Western blotting. All recombinant DNA methods were performed as previously described by Sambrook and Russell (35) using reagents from DNA purification kits purchased from QIAGEN (Valencia, CA) when appropriate. PCR was performed using Vent DNA polymerase or Pfx DNA polymerase according to manufacturers' protocols. Enzymes were obtained from Invitrogen (Carlsbad, CA) or New England Biolabs (Beverly, MA). PCR primers were obtained from Integrated DNA Technologies (Coralville, IA) or Sigma Genosys (The Woodlands, TX), and the sequences are available upon request. Automated DNA sequencing was performed at either the Northwestern University Biotechnology Laboratory or the University of Chicago Cancer Research Center DNA Sequencing Facility. For Western blotting, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels were transferred to nitrocellulose in a Bio-Rad Mini Trans-Blot transfer cell at room temperature. Protein bands were detected using the appropriate primary antibody, a 1:5,000 anti-rabbit immunoglobulin G-peroxidase conjugate (Jackson ImmunoResearch Laboratories, West Grove, PA) secondary antibody, and ECL reagents.
Preparation of supernatant fluids. V. cholerae cultures were grown at 30°C to the desired optical density. Bacteria were pelleted by centrifugation, and supernatant fluid was filtered over a 0.2-m Corning Spin-X microfilter.
Preparation of bacterial cell lysates and separation of cellular fractions. Bacteria from 25-ml cultures grown to log phase (A 600 ϭ 0.4) or an equivalent number of bacteria from stationary phase were collected by centrifugation at The transcriptional start site of the rtxBDE transcript was determined by 5Ј RACE analysis and is underlined. The putative Ϫ35 and Ϫ10 sites are underlined and were determined by visual inspection of the promoter region. The discriminator region is double underlined. Bases corresponding to promoter trim-backs are in bold and labeled above. 15,000 ϫ g for 5 min. Pellets were washed in 20 ml 2 mM CaCl 2 . Pellets were resuspended in 6.4 ml ice-cold distilled H 2 O and sonicated with a Bronson digital Sonifier 450 with a 3-mm tapered microtip at 30% amplitude and 50% duty for 40 s. After sonication, the lysate was adjusted to 20 mM Tris, 100 mM NaCl, 1 mM EDTA, pH 8.0, by the addition of 10ϫ stock buffer. The lysate was centrifuged first at 5,000 ϫ g to pellet unlysed bacteria and then at 20,000 ϫ g to pellet debris. The supernatant was retained as total cell lysate. To separate membranes from cytoplasm, total cell lysate was centrifuged at 100,000 ϫ g for 30 min. The supernatant was retained as the cytoplasmic fraction, and the pellet, representing the membrane fraction, was resuspended in an equal volume of 20 mM Tris, 100 mM NaCl, 1 mM EDTA, pH 8.0. The separation of whole-cell lysates into cytoplasmic and membrane fractions was verified by ␤-galactosidase assays (29) and Western blots for the inner membrane protein EpsL using a rabbit polyclonal EspL antibody (M. Sandkvist, University of Michigan).
Actin cross-linking assay. A total of 0.5 ml of the sample to be tested was added to 4.5 ml Dulbecco's modified eagle medium without serum and added to 2.5 ϫ 10 5 HEp-2 cells. Unless indicated otherwise, HEp-2 cells were collected after 90 min for the detection of actin cross-linking by Western blotting as previously detailed (36) .
Zymogram. To prepare concentrated supernatant fluids, 20-ml cultures were grown overnight and centrifuged at 4°C. Supernatant fluids were placed in prewet 1-kDa-cutoff dialysis tubing and then set in polyethylene glycol 3000 at 4°C. Over several hours, fresh polyethylene glycol 3000 was added and supernatant fluids were allowed to dehydrate until 2 to 3 ml of each sample remained. Protein concentrations were determined by bicinchoninic acid protein assay (Pierce, Rockford, IL), and protease activity was measured by a modified skim milk contact zymogram (18) . Briefly, 5 g of concentrated supernatant fluids was run on a 10% SDS-PAGE gel. SDS was removed by washing the gel with 2.5% Triton X-100 at room temperature for 30 min, and the gel was then equilibrated with 0.1 M glycine-NaOH, pH 8.3, for 5 min at room temperature. The gel was then overlaid with a 10% skim milk gel for 1 h at 37°C. The overlay gel was then stained with Coomassie brilliant blue 250 for 1 h, and protease activity was viewed as clear bands on the blue background.
Protease activity measured by azocasein assay. Protease activity was measured using a modified azocasein hydrolysis assay (38) . Briefly, 50 l of filtered supernatant fluid was added to 800 l of azocasein at 2 mg/ml in 0.1 M Tris-HCl, pH 8.0. After incubation at 37°C, the reaction was stopped by adding 160 l of 50% trichloroacetic acid to each tube. Samples were immediately centrifuged at 16,000 ϫ g for 15 min at room temperature. The absorbance of the solution was read at 366 nm on a Beckman DU Series 500 spectrophotometer (Fullerton, CA).
Generation of anti-RtxE antibody. The RtxE peptide TRFTTDAHRLAEQT LPQEC was synthesized and used to produce an anti-RtxE antibody in rabbits by standard protocols (Proteintech Group, Inc., Chicago, IL).
Construction of lacZ reporter plasmids. The full-length rtxBDE promoter::lacZ reporter plasmid pBB24 was created by using primers rtx pro 2 and rtxB HindIII to amplify the rtxBDE promoter region of the V. cholerae strain N16961 and add a HindIII restriction site to aid in subcloning. The promoter region was amplified from 386 bp upstream of the rtxB ATG start site to 6 bp downstream of the ATG start site. The PCR product was cloned into pCR BluntII-TOPO (Invitrogen) and sequenced. lacZ was fused in frame to the rtxBDE promoter as a HindIII fragment. Subsequent trim-back deletions were constructed by using pBB24 as a PCR template for primer lacZ, which binds 453 bp into the lacZ gene and various primers that bound successively closer to the ATG start site of rtxB. PCR products were cloned into pCR BluntII-TOPO, the partial fragment of lacZ was removed with a HindIII digestion, and full-length lacZ was inserted as a HindIII fragment. The Stratagene QuikChange kit (La Jolla, CA) was used for sitedirected mutagenesis of the discriminator region downstream of the rtxBDE Ϫ10 sequence to introduce nucleotide changes from GCCG to CGAT and to create a ClaI site used to screen for the presence of the mutation. All promoter fragments and junctions were sequenced to assure that mutations were not introduced by PCR.
␤-Galactosidase assays. V. cholerae strains containing lacZ reporter plasmids were grown at 30°C in LB. Samples were withdrawn at indicated optical densities and assayed for ␤-galactosidase activity by the method of Miller (29) .
RNA isolation and generation of cDNA. Overnight cultures of wild-type strain N16961 were diluted 1:100 in fresh LB and grown at 30°C. RNA was isolated using the QIAGEN RNeasy purification kit and treated with DNase (Promega, Madison, WI), as per the manufacturer's instructions. cDNA was synthesized as follows: 5 g total RNA and 30 g random hexamer primers (Roche, Indianapolis, IN) were combined and denatured at 70°C for 10 min and then placed on ice for 10 min. Dithiothreitol, dNTP mixture, RNasin (Promega), SuperScriptII (Invitrogen), and H 2 0 were added to a final volume of 50 l. Reverse transcription was carried out at 42°C for 2.5 h, and the SuperScript was inactivated by heating at 94°C for 10 min. The cDNA was treated with RNaseI (Promega) and was then further purified and concentrated using the QIAGEN PCR purification kit. A reverse transcriptase-free reaction was included as a control to exclude chromosomal DNA contamination.
Reverse transcriptase PCR (RT-PCR).
Seventy-seven nanograms of cDNA, indicated primers, and TaqPro Red Complete DNA polymerase (Denville Scientific, South Plainfield, NJ) were mixed in 25-l reactions. cDNA was amplified during 30 cycles of PCR in a PTC-200 Peltier thermal cycler. Transcripts were then analyzed by agarose gel electrophoresis.
Quantitative PCR. Quantitative PCR (Q-PCR) was performed in 20-l reactions using 39 ng of each cDNA sample, Brilliant SYBR green QPCR Master Mix (Stratagene), and the specific primer pair. Template-free or reverse transcriptase-free reactions were included as controls. All PCRs were performed with the MJ Research Opticon Chromo 4 (Bio-Rad, Richmond, CA). The PCRs for each independent experiment were run in duplicate to check the consistency of the PCRs. recA was used as an internal control for all of the PCRs, and transcript amounts for all of the strains and time points were calculated by the following equation: relative gene expression ϭ 2 Ϫ͑CTgene Ϫ CTrecA͒ , where C T is the threshold cycle.
RACE analysis. RNA was isolated from strain N16961 grown in LB at 30°C to log phase (A 600 ϭ 0.4) and reverse transcribed using the primer rtxB8. cDNA was purified and tailed with poly(dC) using a 5Ј rapid amplification of cDNA ends (RACE) system kit (Invitrogen). The rtxB 5Ј end was amplified using the RACE kit AAP primer and rtxB9 primer. The PCR product was run on a 1% agarose gel, a 500-bp band was excised, and the agarose plug was used for a second round of PCR using the RACE kit UAP primer and rtxB9 primer. The reamplified 500-bp product was excised and purified from a 1% agarose gel and sequenced. 5Ј RACE was performed twice from two RNA preparations to confirm the accuracy of the transcriptional start site.
RESULTS
Proteases present in culture supernatant fluids inactivate RTX toxin. The original report on the discovery of the RTX toxin determined that RTX toxin was not secreted to supernatant fluids (25) . These findings were subsequently amended when both RTX toxin and its associated actin cross-linking activity were found in culture supernatant fluids (13) , and secretion of the toxin was shown to be dependent upon an atypical T1SS (5). For both studies, the activity in supernatant fluids was limited to Inaba strain N16961 and was not routinely detected in the supernatant fluids of strain Bah1, a derivative of the Ogawa strain E7946 in which there is a deletion of the CTX⌽ element except the repeat sequence element, thus creating a ⌬core strain (5, 13; our unpublished observations). The RTX toxin-associated actin cross-linking activity produced by strain KFV43 (N16961⌬hapA) was found to be restricted to log A major difference between N16961 and E7946 is the amount of protease activity found in supernatant fluids due to a mutation in hapR in N16961 (20, 44) . The presence of functional or mutated hapR genes has been shown to differ in geographically diverse strains of V. cholerae (20) . HapR activates hapA expression, and as shown in Table 1 , wild-type E7946 produced 21-fold-greater protease activity at stationary phase compared to wild-type N16961. Consistent with growth phase control of protease production by quorum sensing, the protease activity of E7946 when sampled from stationaryphase cultures was 22-fold higher than that from log phase cultures. RTX toxin activity was absent in supernatant fluids of log phase cultures of E7946, and only nondetectable levels of protease activity correlated with the presence of RTX toxinassociated actin cross-linking activity in supernatant fluids from log phase cultures (Table 1 ). The deletion of the major protease gene hapA from either N16961 or the E7946 derivative Bah1 to create strain KFV43 or Bah1P, respectively, reduced protease activity in supernatant fluids, and RTX activity was now detectable in log phase cultures of Bah1P (Table 1) . However, both ⌬hapA strains produced measurable protease activity from other less abundant proteases in stationary phase and RTX activity was still not detected (Table 1 and Fig. 3) .
Additional protease production mutants in both N16961 and E7946 backgrounds were tested to ascertain whether proteases other than HAP account for the absence of RTX activity in stationary phase. Strain E7946mpc, which was generated by Tn5 mutagenesis, has a multiple protease control (mpc) defect (28, 40) and reduced protease activity both in log and stationary-phase growth (Table 1) . E7946mpc has transposon insertions in toxS and dcuA, although these mutations are not linked to the protease control defect, which is due to a spontaneous mutation in the regulatory gene luxO (40) . Regardless, the deletion of toxS in the Bah1 also created a mutant (BMV5) with the mpc phenotype, indicating that spontaneous mpc defects may commonly arise in toxS mutants. A deletion of toxS in Bah1, either alone or in combination with a deletion in hapA, reduced protease activity as measured both by zymogram analysis (Fig. 3) and azocasein assays (Table 1) . For these E7946-derived protease mutants, RTX activity was detected in log phase but remained absent in stationary phase (Table 1) .
Similarly, a deletion of the N16961 gene pilD, the pilin processing protein that affects the secretion of proteases by the eps secretion system (12, 26) , either alone or in combination with ⌬hapA, reduced protease activity to nondetectable levels in both log and stationary phase. Yet, RTX activity remained absent in stationary-phase cultures. Thus, measurable protease activity correlates with the inactivation of RTX activity in only log phase, not in stationary phase.
In order to determine whether a level of protease activity undetectable by azocasein assays in KFV18R and KFV44 stationary-phase supernatant fluids could still inactivate RTX activity, these supernatant fluids were coincubated with RTXcontaining supernatant fluids prior to the addition to HEp-2 cells to directly assay the toxin-inactivating activity of the supernatant fluids. As expected, the incubation of the RTXpositive fluids with supernatant fluids from protease-producing control strains E7946 and N16961 was sufficient to destroy RTX activity (Fig. 4, lanes 3 and 4) , while LB alone had no effect (lane 2). However, coincubation with KFV18R and KFV44 stationary-phase supernatant fluids did not inactivate the RTX activity, which was consistent with the lack of protease activity in these cultures (lanes 5 and 6). These data demonstrate that the absence of RTX toxin activity in supernatant fluids during stationary phase is not always correlated with protease expression, indicating that RTX inactivation by proteases is not solely responsible for the lack of RTX activity in stationary-phase cultures. Thus, another mechanism must also be functioning to account for the lack of RTX toxin activity in supernatant fluids of strains that do not produce extracellular proteases. For the remaining studies, we used KFV43 as this strain had the lowest protease activity in supernatant fluids (Table 1 ) but does not have the uncharacterized growth defect suppressor mutation of KFV18R or KFV44 (12) .
Production of the RTX toxin T1SS is regulated by growth phase. In a recent study, we demonstrated that during exponential growth phase, mutants in the T1SS for the export of RTX toxin accumulate active toxin intracellularly (5). Therefore, if toxin is expressed in stationary phase but not secreted, active toxin should be present in cell lysates. As shown in Fig.  5 , only supernatant fluids from log phase cultures contain RTX toxin activity, but clarified cell lysates contain active toxin in both log and stationary phases of growth. Initially, these data suggested that the secretion of RTX toxin, not toxin expression, is repressed during stationary phase. Other V. cholerae ⌬hapA isolates showed a similar pattern of RTX toxin activity, demonstrating that the growth phase control of the T1SS is broadly applicable ( Table 2) .
The T1SS for RTX toxin is composed of four proteins, RtxB, RtxD, RtxE, and TolC (5). A peptide antibody was raised against the ATPase RtxE, which has a predicted molecular mass of 79 kDa. This antibody was then used to perform Western blotting to detect RtxE in bacteria. The RtxE antibody is specific for the ATPase RtxE and not the ATPase RtxB, as shown by the absence of the RtxE band in a strain containing an in-frame deletion of rtxE (CW149) and in strain BBV16, which has a polar insertion of a kanamycin resistance cassette in the upstream gene rtxB inactivating the entire rtxBDE operon (Fig. 6A) . The RtxE band is detectable in stain BBV21, which contains a nonpolar deletion of rtxB. RtxE is detected in strain KFV43 grown to log phase, but its expression is significantly reduced during stationary phase. Thus, the expression of the secretion apparatus for RTX toxin is under growth phase control and is repressed in stationary phase.
Growth-phase control of rtxBDE expression is at the level of gene transcription. In order to ascertain whether the T1SS is regulated at the transcriptional level, RT-PCR was used to detect T1SS gene transcripts in RNA isolated from a wild-type N16961 culture at various time points during the growth cycle. rtxB, rtxD, and rtxE transcripts were detected 30 min (A 600 ϭ 0.1) after the N16961 overnight culture was subcultured in fresh LB, but the T1SS gene transcripts were barely detectable after 6 h of growth (A 600 ϭ 5) relative to the internal control recA (Fig. 6B) . Q-PCR showed that the relative expression levels of T1SS genes in log phase (A 600 ϭ 0.4) were at least 10 times higher than the relative expression levels in stationary phase (A 600 ϭ 5) (Fig. 6C) . rtxB transcript levels were consis- tently higher than rtxD and rtxE levels in log phase cultures, which is not surprising since rtxB would be the first gene in the operon to be transcribed. These data show that the T1SS is regulated by growth phase and the level of control most likely occurs at the level of gene transcription or mRNA stability.
To demonstrate that the regulation of the T1SS is through promoter regulation, the rtxBDE promoter was fused to the V. cholerae lacZ gene at the ATG site of rtxB in the multicopy plasmid pCR BluntII-TOPO. ␤-galactosidase activity from the plasmid was monitored over the growth cycle in N16961⌬lacZ (Fig. 7) . Monitoring of growth (Fig. 7A) showed that N16961⌬lacZ carrying the reporter plasmid grew exponentially for 4 h with a doubling time of 24 min. At an A 600 of 1.3, cell division slowed to a doubling time of 56 min for 5 h until the culture reached an average A 600 of 6 when cell growth ceased. The expression of lacZ in this culture was growth phase regulated with maximal expression of ␤-galactosidase at an A 600 of 0.4 (Fig. 7B) and dropped by over 50% when cell growth slowed at an A 600 congruent to 1. ␤-galactosidase activity was not present with a control plasmid containing lacZ, but none of the rtxBDE promoter sequence. These data showed that the genes encoding the T1SS are downregulated during stationary phase, and regulation is controlled by the rtxBDE promoter.
Identification of the rtxBDE transcriptional start site. To further understand the growth phase control of the rtxBDE promoter, the start site for the transcription of the operon was mapped using the Invitrogen 5Ј RACE kit. The ϩ1 start site was mapped to a thymine residue 37 bp upstream of the rtxB ATG (Fig. 1B) . The proposed Ϫ10 sequence TAGGAT shows two mismatches from the consensus TATAAT, and the putative Ϫ35 sequence TTGAAC shows two mismatches from the consensus TTGACA (8) . An interesting feature of the rtxBDE promoter is the presence of an extremely GϩC-rich 7-bp region between the Ϫ10 sequence and the transcription start site, which is often called the discriminator region (Fig. 1B) .
Functional characterization of the rtxBDE promoter. In order to ascertain how much of the promoter region is essential for growth phase control, trim-back deletions of the rtxBDE promoter::lacZ reporter were constructed and assayed for ␤-galactosidase activity (Table 3) . A deletion of 300 bp, leaving only 13 bp upstream of the putative Ϫ35 site still exhibited growth phase control. ␤-galactosidase activity was absent either in a no-insert control or when the rtxBDE promoter was deleted to 36 or 17 bp upstream of the transcriptional start site ( Fig. 7B; Table 3 ).
Transcriptional regulation by activation generally requires promoter elements upstream of the Ϫ35 site as binding sites for transcriptional activators. Although only 13 bp upstream of the putative rtxBDE Ϫ35 site were required for ␤-galactosidase activity from the rtxBDE promoter::lacZ reporter plasmid, it is possible that a positive regulatory element binds this region during log phase growth. However, the minimal requirements for the growth phase-regulated rtxBDE promoter suggests it is likely that the promoter is regulated by a repressive element activated during late log phase.
Growth-phase control of rtxBDE expression is not linked to quorum sensing. A common growth phase-dependent repression mechanism is quorum sensing. In V. cholerae, both CT and TCP production are repressed in stationary phase via quorumsensing-dependent regulation (30, 44) . The master regulator of quorum sensing in V. cholerae is the transcriptional regulator HapR, which represses the expression of genes required for CT and TCP gene activation during stationary phase (44) . Whole-genome sequence analysis (17) revealed that N16961 has a defective quorum-sensing system due to a naturally occurring frameshift mutation in hapR that introduces an opal codon (44) . DNA sequencing of this region amplified by PCR verified that our laboratory isolate contains this mutation, in- a The promoter length is the number of base pairs upstream of the rtxB transcriptional start site.
b N16961 strains containing trim-back deletions of the rtxBDE promoter::lacZ reporter plasmid were assayed for ␤-galactosidase activity during log (A 600 ϭ 0.4) and stationary (A 600 ϭ 3.0) growth. Values are expressed as means Ϯ standard deviations.
FIG. 7.
␤-galactoside activity produced by an N16961 strain containing an rtxBDE promoter::lacZ reporter plasmid peaks during log growth. (A) Growth curves of strains assayed for ␤-galactosidase activity. (B) N16961⌬lacZ strains containing a full-length rtxBDE promoter::lacZ reporter plasmid or a negative control plasmid containing only lacZ and no portions of the rtxBDE promoter (no pro) were assayed for ␤-galactosidase activity at various time points.
dicating that if quorum sensing is regulating rtxBDE expression, it occurs at a signaling branch upstream of HapR.
The three known quorum-sensing pathways of V. cholerae converge at the response regulator LuxO, which operates upstream of HapR in the quorum-sensing pathway (22, 31, 43) . A deletion in luxO had no effect on the growth phase control of the rtxBDE::lacZ reporter (Table 3) , consistent with microarray studies which did not report significant changes in rtxB, rtxD, or rtxE expression in luxO mutants in strains with active quorum-sensing systems (44) . Since neither hapR nor luxO is required for growth phase regulation, it is unlikely that rtxBDE is linked to any of the three identified quorum-sensing pathways, although it could be linked to an unidentified response regulator other than luxO.
Growth-phase regulation is determined by the promoter discriminator region. The V. cholerae genome is only 47% GϩC, therefore we wanted to determine whether the heptanucleotide GϩC-rich discriminator region (GCCGCCC) downstream of the Ϫ10 sequence is required for growth phase control. The GCCG bases immediately downstream of the Ϫ10 sequence were mutated to CGAT in the full-length rtxBDE promoter::lacZ reporter plasmid. During log phase growth, the ␤-galactosidase activity of the discriminator mutant reporter plasmid was similar to that of the full-length rtxBDE promoter::lacZ reporter plasmid (Table 3) . However, in stationary phase, the discriminator mutant reporter plasmid did not have a reduction in ␤-galactosidase activity, which demonstrates that these bases are critical for growth phase control but not for promoter function. Additionally, the alteration to constitutive ␤-galactosidase expression from the discriminator mutant reporter plasmid demonstrates that the discriminator region of the rtxBDE promoter is required for negative regulation during stationary phase.
The rtxA toxin gene is also regulated by growth phase. Based on data presented thus far, a model was proposed in which RTX toxin is expressed constitutively, but is secreted by the T1SS only during log growth (4). However, it seemed unlikely that RTX toxin would continue to accumulate in the bacterial cytoplasm during stationary phase due to the presumably extensive energy required to translate this extremely large toxin. Therefore, RT-PCR was used to detect rtxA transcripts in RNA isolated from a wild-type N16961 culture at various time points during the growth cycle. Counter to the accumulation model supported by Fig. 5 , PCR directed against rtxA cDNA demonstrated that rtxA transcripts are greatly reduced during stationary phase (Fig. 8A) . In stationary-phase (A 600 ϭ 5), rtxA transcripts are decreased 10-fold compared to that in log phase (A 600 ϭ 0.4) as determined by Q-PCR (data not shown). Thus, the RTX toxin gene itself is apparently regulated by growth.
The RNA-binding protein Hfq has been shown to be involved in the regulation of V. cholerae virulence factors (23) , and it has been reported that an hfq mutant has increased expression of rtxA and rtxC in log phase (9) . RNA transcripts from this hfq mutant strain were analyzed by Q-PCR, and VC1449, rtxC, and rtxA were found to be downregulated in the hfq mutant during stationary phase to a level similar to that of the wild-type strain (data not shown). Therefore, growth phase control of RTX toxin is apparently not linked to Hfq, and the mechanism of gene suppression remains unknown.
RTX toxin activity is associated with the membranes of stationary-phase bacteria. To account for the discrepancy wherein rtxA transcripts are greatly reduced in stationary phase (Fig. 8) but RTX toxin activity is not decreased in cell lysates (Fig. 5) , two possible models were considered. In the first model, the toxin would be extremely stable when held in the cytoplasm and, thus, active protein would remain present in the stationary-phase bacteria. In the second model, secreted toxin would attach to the outer membrane or outer membrane vesicles and remain protected from proteolysis and thus retain activity through stationary phase. To distinguish these models, cell lysates from stationary-phase cultures of the T1SS mutant BBV16 were tested for the presence of RTX toxin activity. No toxin activity was present in cell lysates, indicating that the toxin is not unusually stable when accumulating in the cytoplasm and is likely rapidly turned over in the absence of a secretion apparatus (Fig. 8B) .
To determine whether the active toxin detected in cell lysates from stationary-phase cultures of strain KFV43 (N16961⌬hapA) is associated with bacterial membranes or outer membrane vesicles, whole bacteria grown to stationary phase were sonicated to obtain total cell lysates, which were subsequently centrifuged at 100,000 ϫ g to pellet the mem- on October 14, 2017 by guest http://jb.asm.org/ brane fraction. While RTX toxin activity was detected in total cell lysates, toxin activity was associated with only the membrane fraction, not the cytoplasmic fraction (Fig. 8B) . Due to the fact that RTX activity was detected in only the cytoplasmic fraction of log phase BBV16 cultures and not in the membrane fraction, the large toxin was not simply pelleted during the high-speed centrifugation. Thus, in stationary phase, RTX toxin is not produced, but activity remains in cell lysates due to its association with the bacterial membrane. Increased attachment of bacteria with HEp-2 cells by low-speed centrifugation did not restore actin cross-linking activity to stationary-phase cultures, indicating that bacterial membrane associated toxin is not biologically active unless sheared from the bacterium by sonication (data not shown).
DISCUSSION
In this study, we have presented data that describes two control mechanisms for the regulation of RTX activity: proteolytic degradation of RTX toxin and the regulation of the T1SS that exports the toxin. In addition, we find that the RTX toxin itself is growth phase regulated by an as-yet-uncharacterized mechanism. Based on these results, we put forth a threestage model to explain the growth phase regulation of V. cholerae RTX toxin.
During exponential growth, the rtxA and rtxBDE operons are expressed and the atypical T1SS encoded by rtxBDE and tolC exports RTX toxin into the extracellular milieu, where the toxin can subsequently act on host cells (Fig. 9A, B, and C) . When bacteria begin to enter stationary phase, the RtxBDE T1SS is no longer produced due to transcriptional regulation via what is most likely a repressive mechanism (Fig. 9A) . Consequently, in the absence of the secretion apparatus, any RTX toxin remaining in the bacterium would not be secreted and is likely degraded. rtxA expression is likewise downregulated in stationary phase via an unknown mechanism, and thus, no additional RTX toxin would be produced. Concurrent with RTX toxin and T1SS repression, the expression of proteases is upregulated during stationary phase, which destroys the activity of previously secreted RTX toxin (Fig. 9E) , although toxin associated with the membrane or outer membrane vesicles could be protected (Fig. 9D) . The increase in protease expression occurs in both quorum-sensing-positive and -negative strains, although the quorum-sensing-positive strain E7946 has a more robust increase in protease expression due to massive upregulation of HAP in stationary phase. Consequently, in certain strains of V. cholerae, quorum sensing indirectly regulates RTX activity.
A major question raised by this study is what is the nature of the putative repressor that regulates rtxBDE? We hypothesize that this repressor lies outside of the rtx locus due to the fact that the rtxBDE::lacZ reporter showed growth phase control when the plasmid was introduced into the N16961-derived strain KFV80 or the classical strain O395, which both contain a large deletion of the rtx locus (⌬rtxACBD) (15, 27 ; data not shown). We have also shown that this repressor is not directly linked to quorum sensing.
Indeed, it is more reasonable to consider that V. cholerae may couple the regulation of the rtx locus to the detection of stress since the locus represents 1% of the large chromosome and would require extensive energy to produce, a high cost during periods of stress. Altered expression of multiple rtx locus transcripts in microarray studies of rpoN and rpoS mutants also indicate a linkage to stress responses (42) . In our study, the GϩC-rich discriminator region of the rtxBDE promoter was shown to be essential for growth phase control. Studies in E. coli have demonstrated that GϩC-rich discriminator regions are hallmarks of promoters that are negatively controlled by the stringent response alarmone (p)ppGpp (6, 16, 39) and that (p)ppGpp concentrations increase with the onset of stationary phase (32) . Preliminary studies on the structure of the rtxA promoter also indicate that a GϩC-rich discriminator is present in the promoter that regulates VC1449, rtxC, and rtxA (our unpublished observations). Therefore, the T1SS genes as well rtxA could potentially be negatively regulated during stationary phase via (p)ppGpp. Further studies will be required to determine the exact nature of the growth phase-dependent mechanism(s) by which the T1SS and RTX toxin are regulated.
Another interesting finding of this work is that all RTX activity in stationary-phase cultures was found to be associated with the bacterial membrane fraction, although its subcellular localization remains unknown. Proteins secreted via T1SS are exported without the formation of periplasmic intermediates; thus, RTX toxin would not likely be located in the periplasmic space of the bacterium (21) . It has been shown in E. coli that HlyA requires the ATPase HlyB in order to associate with the inner membrane prior to export, suggesting that cytoplasmiclocalized RTX toxin is peripherally associated with the RTX T1SS ATPases, accounting for the membrane localization in log phase cultures (14) . However, we have shown that the ATPase RtxE is significantly reduced in stationary-phase cultures of V. cholerae and the second ATPase, RtxB, is likely turned over as well; thus, it is unlikely that RTX toxin associates with the inner membrane by association with T1SS ATPases during stationary phase. Therefore, we hypothesize that RTX toxin is exported during exponential growth and then associates with the bacterial outer membrane, possibly coupled with the outer membrane porin TolC and/or inserted into the outer membrane. RTX toxin could also be released in outer membrane vesicles. Several RTX toxins, including E. coli HlyA and Bordetella pertussis adenylate cyclase toxin, have been found to be associated with the bacterial outer membrane (15, FIG. 9 . Model of growth phase regulation of RTX toxin export as described in the text. 33 ). Similar to B. pertussis, spinning stationary-phase V. cholerae bacteria onto HEp-2 cells did not lead to cell rounding or actin cross-linking, thus indicating that membrane-bound RTX toxin is not active unless released from the membrane by sonication. It was recently discovered that E. coli HlyA is also released in outer membrane vesicles (2) . Future studies may elucidate whether this phenomenon occurs in V. cholerae with RTX toxin as well.
